Background: Colorectal cancer (CRC) is the third commonly diagnosed cancer with a high risk of death. After curative surgery, 40% of patients will have metastases or develop recurrence. Therefore, chemotherapy is significantly responsible as the major therapy method. However, chemoresistance is found in almost all metastatic patients and remains a critical obstacle to curing CRC. Materials and methods: Cell viability is analyzed by sulforhodamine B staining assay. The nonhomologous end joining (NHEJ) repair ability of each cell line was determined by NHEJ reporter assay. mRNA expression levels of NHEJ factors are detected by real-time quantitative polymerase chain reaction. The protein expression levels were observed by western blot assay. Results: Our study found that 5-florouracil (5-Fu) and oxaliplatin (OXA)-resistant HCT116 and LS174T cells showed upregulated efficiency of DNA double-strand repair pathway NHEJ. We then identified that the NHEJ key factor XLF is responsible for the chemoresistance and XLF deficiency sensitizes CRC cells to 5-Fu and OXA significantly. Conclusion: Our research first demonstrates that the NHEJ pathway, especially its key factor XLF, significantly contributes to chemoresistance in CRC.
Introduction
Colorectal cancer (CRC) is one of the major causes of death worldwide. 1, 2 It is the third most common cancer in men and women. 1 Because of changes in risk factors, such as reduced smoking and a healthier diet, the death rate from CRC has decreased for decades. However, the incidence of CRC is still growing, and tumors recur after surgery while chemotherapy still needs to overcome chemoresistance. 3 Unfortunately, the majority of patients diagnosed with CRC are at advanced stages that require chemotherapy. 4 5-Fluorouracil (5-Fu) has been used in first-line chemotherapy, against a variety of cancers, for more than five decades by inhibiting thymidylate synthase that causes thymineless death in cancer cells. 5 Oxaliplatin (OXA) is another first-line chemotherapy drug used in CRC, most commonly in combination with anticancer drugs such as 5-Fu. 6 Sadly, multidrug resistance has become a critical obstacle in this chemotherapy strategy. 7 Therefore, identification of new targets to generate synergistic inhibition for cell survival is desperately needed to improve chemotherapy results in CRC.
Both 5-Fu and OXA generate cell death through replication stress, instability of genomes, and DNA damage, eventually. 8 Therefore, a DNA repair mechanism submit your manuscript | www.dovepress.com
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liu et al could play an important role in chemoresistance. The DNA double-strand break (DSB) is the most toxic DNA lesion that can cause cell death. 9 Thus, we are going to investigate the role of double-strand break repair (DSBR) pathways in CRC. Human cells possess two major DSBR pathways: homologous recombination (HR) and nonhomologous end joining (NHEJ). 10, 11 HR precisely repairs DSBs using a sister chromatid to serve as a template. 12 Therefore, HR is limited to the late S-G2 phase of the cell cycle while NHEJ, which is template independent, is performed to repair DSBs through most of the cell cycle. 13 HR is initiated via single DNA strand invasion directed by Rad51 to generate a long 3′ overhang. 14 The first several steps of strand invasion also require Exo1, Dna2, and RPA, followed by DNA synthesis by DNA polymerases. 15, 16 After end resection and DNA synthesis, HR will use distinct subpathways -the DSBR pathway or the synthesis-dependent strand annealing (SDSA) pathway -to finish final ligation.
14 NHEJ is initiated by Ku70/80 heterodimers (Ku) interacting with both ends of DSB strands. 17 Ku recruits other NHEJ key factors including DNA-dependent protein kinase, catalytic subunits (DNAPKcs), XLF, XRCC4, and ligase IV. [18] [19] [20] [21] [22] Between DNA tethering and final ligation, DSBs usually go through DNA end processing to generate ligatable DNA ends that require different DNA end processors upon distinct DNA damage types. [23] [24] [25] [26] [27] XLF is a 33-kDa protein located in chromosome 2 and exists in the nucleus as a dimer via its coil-coil domain of the monomers. 28 It has been known as a scaffold protein participating in NHEJ since 2006. 29, 30 XLF enzymatic activity has not yet been found; the most significant contribution of XLF to NHEJ is stimulating the final ligation step by interacting with ligase IV. 30, 31 Interestingly, XLF is believed to form a long filament with XRCC4 at DNA breaks to help DNA gap synapsis. 32 Although XLF deficiency in mice does not affect V(D)J recombination like all other NHEJ key factors, XLF deficiency in human still prevents NHEJ and results in immunodeficiency. 33 The role of XLF in NHEJ is essential but is still not thoroughly clear. Our research identified that XLF is overexpressed in chemoresistant CRC cells and significantly contributes to 5-Fu and OXA resistance.
Materials and methods cell lines and cell cultures
HCT116 cells (ATCC CCL-247; American Type Culture Collection, Manassas, VA, USA) and LS174T cells (ATCC CL-188) were cultured at 37°C in 5% CO 2 atmosphere in McCoy's 5a Medium (ATCC ) and Eagle's Minimum Essential Medium (ATCC , respectively with 10% FBS for less than 6 months. HCT116 and LS174T 5-Fu-resistant cells were generated by incubating with 5 µM and 10 µM 5-Fu, respectively, for 3 months. HCT116 and LS174T OXA-resistant cells were generated by incubating with 7 µM and 15 µM OXA, respectively for 3 months.
cell viability assay
Cells were seed at 4×10 3 cells/well and cultured overnight to allow adherence. Cells were incubated with drug for 72 h and the cell viability was detected using the sulforhodamine B (SRB) assay. Cells were fixed using 100 µL/well of 10% trichloroacetic acid at 4°C for 1 h. The plate was washed four times with slow-running tap water and air-dried for 1 h at room temperature (RT) or for 20 min in a fume hood. Cells were stained by 100 µL/well of 0.02% SRB in 1% acetate acid for 1 h at RT. Plates were washed three times with 200 µL/well of 1% acetate acid and air-dried. Then, 200 µL/well of 10 mM Tris HCl, pH 10.5, was added to each well to extract SRB with 1 h of shaking on an orbital shaker. The absorbance was measured at 510 nm by a microplate reader (Synergy 2; BioTek Instruments Inc., Winooski, VT, USA).
Generation of XLF-deficient HCT116 cell line using crisPr/cas9
Cas9 along with XLF guide RNA plasmid was constructed by ligating oligonucleotide duplexes, which target exon1 of XLF, into BbsI cut pX330-U6-Chimeric_BB-CBh-hSpCas9 (Addgene #42230; Addgene, Watertown, MA, USA). The plasmid was transfected into the HCT116 cell line along with pcDNA3.1.puro using Lipofectamine 2000 and incubated for 72 h. Successfully transfected cells were selected by media containing 100 µg/mL puromycin for 48 h. Cells were harvested and seeded in a 96-well plate at concentrations of 100 cells/mL, 333 cells/mL, or 1,000 cells/mL, and incubated for 2-3 weeks. Individual clones were passaged, expanded, and screened for XLF expression.
hr and nheJ reporter assay HR reporter has been described previously. 34 NHEJ reporter was obtained from Addgene (Addgene 44026). Briefly, 10 µg of NHEJ reporter plasmid was linearized with 50 U of NheI in 50 µL for 6 h at 37°C. Linearized DNA was purified using a QIAquick Gel Extraction Kit (ID:28704; QIAGEN, Venlo, the Netherlands) gel extraction kit and 1 µg was transfected into HCT116 and LS174T cells using Lipofectamine 3000 (Thermo Fisher Scientific, Waltham, MA, USA) submit your manuscript | www.dovepress.com
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liu et al following the manufacturer's recommendations. Cells with chromosomally integrated reporter constructs were selected by incubating in media with 1 mg/mL geneticin 24 h after transfection for 2 weeks. Plasmid integrated cells were seeded at 3×10 5 cells/mL in a 6-well plate and cultured for 24 h to allow adherence. Then, 2 µg/well of I-SceI was transfected into the cell using Lipofectamine 3000 and incubated for 48 h. Cells were harvested using trypsin and resuspended in PBS by pipetting 10 times. Green fluorescent protein (GFP)-positive cells were counted by flow cytometry (Beckman Coulter Inc., Brea, CA, USA).
Western blot assay
This method has been described in a previous work. 35 Briefly, protein samples were denatured using SDS-PAGE sample buffer, and boiled for 5 min. The samples were then loaded and separated on a 7% polyacrylamide gel (29:1) (1610156; Bio-Rad Laboratories Inc., Hercules, CA, USA) at 120 V for 1.5 h in an electrophoresis apparatus (Bio-Rad). Separated samples were transferred to nitrocellulose membrane at 100 V at 4°C for 1 h. The membrane was blocked using 3% nonfat milk solution diluted in PBS with 0.1% Tween20 and probed by the relevant antibody followed by horseradish peroxidaseconjugated rabbit secondary antibody. The protein signal was developed by SuperSignal™ West Pico PLUS Chemiluminescent Substrate (Thermo Fisher Scientific #34580) and detected by ChemiDoc™ (Bio-Rad).
Results
generation of chemoresistant crc cell lines
To identify a pathway or target to overcome chemoresistance, we first generated 5-FU and OXA-resistant cell lines using epithelial CRC cell lines HCT116 (HCT116 Fu-R and HCT116 OXA-R) and LS174T (LS174T Fu-R and LS174T OXA-R). To evaluate resistance, we used the SRB cell survival assay to determine the half-maximal inhibitory concentration (IC50) of cells to Fu and OXA. As compared to the wild-type cell line (HCT116 WT), HCT116 Fu-R showed 3.5-fold resistance to 5-Fu ( Figure 1A) . Similarly, HCT116 OXA-R cells showed 3.9-fold resistance to OXA ( Figure 1B) . We also successfully generated 5-Fu and OXAresistant LS174T cell lines with 3.7-fold and 4-fold increased IC50, respectively ( Figure 1C and D) .
We further used these cell lines to measure DNA repair efficiency and screen for DNA repair factors that are responsible for chemoresistance.
NHEJ pathway efficiency is significantly increased in chemoresistant crc cell lines
To evaluate whether DNA repair pathways contribute to chemoresistance of CRC cells, we used plasmid-based reporter assays to measure the efficiency of the two DNA DBSR pathways: HR and NHEJ. We first linearized the plasmid and then transfected the linearized plasmid into the HCT116 WT, HCT116 Fu-R, HCT116 OXA-R, LS174T WT, LS174T Fu-R, and LS174T OXA-R cell lines. The plasmid could have integrated into chromosomes, and cells with successful integration were selected using hygromycin. These stably transfected cell lines were treated with I-SceI restriction enzyme to introduce DNA DSBs. After DNA repair, rejoined DNA will result in restored GFP expression. We used flow cytometry to count the GFP-positive cells out of 80,000 cells. We observed that chemoresistant cells do not show significant change of HR efficiency (data not shown). However, Fu and OXA-resistant cell lines showed significant increase of NHEJ efficiency. Specifically, Fu and OXA-resistant HCT116 cells showed 3-fold and 2.6-fold increased NHEJ efficiency as compared to the wild-type cell line (Figure 2A ). In addition, compared to LS174T WT cells, Fu-resistant cells have 2.2-fold more efficient NHEJ whereas OXA-resistant cells have 3.2-fold more efficient NHEJ ( Figure 2B ).
Our results suggest that, other than base excision repair, the DNA DSBR pathway also contributes to chemoresistance.
XlF expression is upregulated in chemoresistant crc cells
Since NHEJ efficiency is enhanced in chemoresistant CRC cells, we then wanted to find out whether expression of NHEJ factors is upregulated. We also wanted to identify which factor of NHEJ has the potential to be responsible for chemoresistance. We performed a quantitative polymerase chain reaction (qPCR) to screen the mRNA level of NHEJ factors, including Ku80, DNAPKcs, XLF, XRCC4, and ligase IV. We found that, compared to HCT116 WT cells, the mRNA level of XLF showed a significant increase in both Fu-R and OXA-R cells ( Figure 3A ). Interestingly, the mRNA level of XLF was also upregulated in Fu-and OXA-resistant LS174T cells as compared to LS174T WT cells ( Figure 3B ).
To further evaluate protein expression of XLF, we used western blot assay with antibody against XLF to compare the XLF expression in the HCT116 WT, HCT116 Fu-R, and HCT116 OXA-R cell lines. As we expected, XLF protein expression is upregulated in the HCT116 Fu-R and submit your manuscript | www.dovepress.com
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liu et al HCT116 OXA-R cell lines ( Figure 3C ). Similarly, XLF protein expression is increased in Fu-and OXA-resistant LS174T cells compared to LS174T WT cells ( Figure 3D ). To examine whether XLF is correlated with chemoresistance in CRC patients, we analyzed XLF mRNA expression levels from 5-Fu-sensitive (n=30) and 5-Fu-resistant (n=45) patient samples. As shown in Figure S1 , chemoresistant patients have a significant increase of XLF mRNA levels. 
XLF deficiency generates a synergistic effect with 5-Fu and OXa
To determine whether XLF is responsible for chemoresistance in CRC cells, we used the CRISPR/Cas9 technique to knockout XLF in the HCT116 Fu-R and HCT116 OXA-R cell lines. We identified 10 XLF knockout clones in each cell line. We randomly picked two clones in each cell line and evaluated XLF expression using western blot assay. Both clones lack XLF compared to the HCT116 Fu-R and HCT116 OXA-R cell lines ( Figure 4A and B) .
Since we found out that XLF expression is correlated with chemoresistance, we hypothesize that XLF knockout cells will be more sensitive to 5-Fu and OXA. Thus, we performed the SRB cell survival assay to evaluate drug potency. We observed that XLF-deficient To determine whether XLF depletion can sensitize wildtype cells to chemotherapies, we knocked down XLF in HCT116 WT cells and examined cell survival in response to 5-Fu and OXA. We observed that XLF depletion indeed sensitized wild-type cells to 5-Fu and OXA by 2.69-fold and 2.60-fold, respectively ( Figure S2A and B) . Similarly, we observed that XLF knockdown sensitized HT29 cells to 5-Fu ( Figure S2C ), suggesting the role of XLF in chemoresistance in CRC is relatively universal.
Our data indicate that XLF is one of the DNA repair factors that significantly contributes to chemoresistance in CRC. 
Discussion
Chemoresistance, especially cross-resistance, is the major cause of death in metastatic CRC and patients with recurrent CRC. 36 It is urgent to find new targeting strategies to overcome chemoresistance. We hypothesized that DNA repair pathways play important roles in chemoresistance since they facilitate DNA recovery after anticancer drug treatments, which target DNA in cancer cells. Since DSB is the most severe DNA damage in cells, DSBR pathways are responsibile for survival of cancer cells. We found that the NHEJ factor, XLF is positively associated with 5-Fu and OXA drug resistance in HCT116 and LS174T cells. However, the mechanism of XLF upregulation in chemoresistant cells remains unclear. The research of XLF regulation is limited 38 demonstrated that depletion of WRN in HeLa cells led to a decrease of XLF mRNA and its promoter activity. Sulkowski et al 39 found that PTEN induces expression of XLF at both mRNA and protein levels. We can evaluate whether these regulations are consistent in colon cancer cells. If these regulations cannot be observed in colon cancer cells, we could use an RNA-Seq assay to identify genes that are upregulated in chemoresistant colon cancer. Also, we could overlap possible transcription factors of XLF with the RNA-Seq results to elucidate the transcription factor that is responsible for XLF upregulation in chemoresistant colon cancer cells.
It has been well established that impaired mismatch repair, especially involving SMUG1 and MBD4, is correlated with chemoresistance in CRC. [40] [41] [42] However, DSBR pathways, which are extremely critical for cell survival, are underexamined for chemoresistance in CRC. Chen et al 43 found that Dicer, which regulates NHEJ, is positively correlated to chemoresistance of colon cancer cells. The potential roles of NHEJ key factors in chemoresistance in CRC are relatively unexplored. Our study emphasized the contribution of DSBR to chemoresistance in CRC and indicated that inhibition of NHEJ, specifically XLF, could generate significant synergistic effects with first-line chemotherapy drugs, such as 5-Fu and OXA. Combinations of 5-Fu and OXA are commonly used as the first-line chemotherapeutic method. 44 Interestingly, XLF-deficient cells are sensitive to 5-Fu and OXA; therefore, XLF inhibition or deficiency could be used as another combination choice with either 5-Fu or OXA instead of serving as the third component in a 5-Fu and OXA combination regimen.
Conclusion
Our study demonstrated that NHEJ participates in the chemoresistance of CRC. We generated 5-Fu-and OXAresistant CRC cell lines and observed that the NHEJ key factor XLF is elevated at both mRNA and protein levels in these drug-resistant cell lines. Furthermore, XLF deficiency has a significant synergy with 5-Fu or OXA. Our research identified a new target that could contribute to overcome 5-Fu and OXA chemoresistance in CRC.
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